ABSTRACT.
Meiotic The mitotic spindle was until recently a structure visualized only in fixed materials. In living cells, it is difficult to detect spindle fibers under the phase contrast microscope because of the small difference's in the refractive index between the fibers and the surrounding areas. However, owing to the anisotropic nature of living spindle fibers, they can be observed under a sensitive polarizing microscope (10, 11) . The birefringence (BR) reflects the amount of orderly aligned fibrous structure within the spindle. Thus, measuring spindle BR by polarizing microscopy allows an estimate of the amount of fibrous structure present in the cells (34, 35, 37) . Furthermore, the application of differential interference contrast optics (1, 2, 3, 23, 24) provides complementary data on the detailed structure of the living spindle.
In the present study, chromosome movements and alterations in spindle fibers of dividing grasshopper spermatocytes were recorded and analyzed by time-lapse cinematography using a polarizing microscope equipped with rectified strain-free objectives and condensers (11, manufactured by Nippon Kogaku K.K., Tokyo). Based on the observed findings, we describe the process of kinetochore fiber development, the structural changes of the birefringent spindle from prometaphase through anaphase, and quantified relationship between the spindle fiber and anaphase chromosome movement. A preliminary report of this work was published earlier (21 
RESULTS
Meiotic events and BR. The chromosomes in the Chrysochraon primary spermatocyte consist of eight bivalents and a univalent X-chromosome, and chromosomes in the Trilophidia primary spermatocyte consist of 11 bivalents and a univalent X. At the late stage of the first meiotic prophase (late diakinesis) two centrosomes with conspicuously birefringent astral fibers appeared adjacent to the nuclear envelope (Figs. la, 2a). These fibers grew very slowly and when the nuclear envelope broke down the astral rays which radiated toward the nucleus rapidly grew and invaded into the karyoplasm (Fig. 2b) two secondary spermatocytes of Chrysochraon japonicus and on two primary spermatocytes of Trilophidia annulata. Among the nine Chrysochraon primary spermatocytes studied two cells which formed chromosome bridges and another which showed cytoplasmic abnormality were included. Although the kinetochore fiber was curved in metaphase and anaphase, the linear distance between the kinetochore and the pole (centriole) was regarded in the present study as the length of the fiber. Sometimes the spindle poles were difficult to define accurately in late anaphase because the centrioles had occasionally split or because the kinetochore fibers converged at a point more proximal to the equator than the centriolar location. Fig. 10 shows the time relationship between the initiation of anaphase chromosome separation and the onset of kinetochore fiber shortening. Although chromosome separation started at the same time among different chromosome pairs, the fiber shortening began somewhat asynchronously. In the majority of primary spermatocytes, the shortening of kinetochore fibers began a few minutes prior to the increase of interkinetochore distance. However in a few cells, the kinetochore fibers started to shorten simultaneously with the increase of interkinetochore distance. In secondary spermatocytes the kinetochore fiber length began to decrease shortly after the interkinetochore distance started to increase.
The changes in spindle length from metaphase through late anaphase were similar in all eight, healthy, primary spermatocytes studied. In these cells, the spindle length was minimum at the transition from metaphase to anaphase. It was still short and often fluctuated during early anaphase, and then gradually increased, reached maximum in mid-anaphase, and then decreased (Figs. 7 and 9 ). In the second division, the length of the spindle was minimum at the transitional stage from metaphase to anaphase. It then increased progressively, reaching maximum in mid-to late anaphase and later decreased slightly (Fig. 8) . In this connection, it has been shown in various types of cells that the spindle length usually reaches a minimum just before anaphase or during very early anaphase (7, 17, 22, 23, 40) .
Changes of kinetochore fiber length from late metaphase through the end of anaphase were measured on 23 fibers from nine Chrysochraon primary spermatocytes, six fibers from two Trilophidia primary spermatocytes, and two fibers from two Chrysochraon secondary spermatocytes. The results of these measurements showed that the kinetochore fiber shortened linearly with time throughout anaphase in 23 of the 31 cases, as shown in Figs. 7 and 8 . The remaining eight fibers shortened at a constant rate until mid-anaphase, and then the rate became smaller. There was no significant difference in the rate of shortening of kinetochore fibers associated with bivalents between Chrysochraon and Trilophidia spermatocytes (Table 1) . 
OF Chrysochraon Japonicus
a Retardation and diameter were measured at sites two microns apart from the kinetochores . The coefficient of birefringence was calculted from these data. b The population density of microtubules in kinetochore fibers was calculated by dividing the Coefficient of birefringence by a factor of 5 x 10-6, assuming that this figure is the birefringence of one microtubule in a cross-sectional area of 1 pm', and that the coefficient of birefringence is proportional to the number of oriented microtubules present in 1 ,u m2 cross section. 
DISCUSSION
The present study revealed that birefringent fibers which radiated from the centrosomes invaded the nuclear region when the nuclear envelope disappeared. These fibers (astral rays) appeared to push some of the scattered chromosomes to the equatorial zone of the developing spindle. These observations confirm the results of our previous study (20) on living grasshopper spermatocytes using Nomarski differential interference optics. It has not been possible, however, to determine whether the fibrous structures grow in length from specific loci or along their whole length. This invasion of growing birefringent fibers into the nucleus has also been observed in living crane fly spermatocytes (6) and Haemanthus endosperm cells (13, 36) .
Another interesting feature was the sudden jump-like movement of chromosomes toward the developing, prometaphase spindle. This chromosomal movement occurs in the absence of any detectable birefringent fibers associated with the chromosome at least during the first half period of their movement. No fibrous connections were demonstrated in the study (20) using a differential interference contrast microscope. These findings suggest that the movement is not caused by spindle fibers. Another characteristic feature of this movement was its velocity which was almost an order of magnitude greater than that of the anaphase movement of chromosomes. Although the physical nature of the force is unknown, this movement could secure the attachment of the chromosomes to the prometaphase spindle. This particular movement has been reported by Shimakura (38) and Izutsu (16, 18, 20, 21) . In addition, the movement seems to be very close in velocity and in some other respects to the saltatory chromosome movement in prophase and very early prometaphase in house cricket spermatocytes (32) .
Kinetochores are considered to be the organizing centers for spindle microtubules during cell division (4, 8, 12, 14, 28) . However, our observations indicate that at least some kinetochore fibers in prometaphase are first formed by attachment of kinetochores to the astral rays which grow from the centrosomes. Before completion of the connection, the kinetochores are oriented and move for a short distance towards the pole from which the fibers extend. This chromosomal behavior is probably due to the interaction of the kinetochores with the spindle microtubules, and not with the centrosomes.
During prometaphase the kinetochore fibers of the present materials were thinner and less birefringent than those in full metaphase, similar to observations in the spermatocyte of the crane-fly (6) . Furthermore, BR of the prometaphase kinetochore fibers fluctuated, giving rise to the "northern lights phenomenon" (12) , but eventually became stabilized, as reported in spermatocytes of the grasshopper (12) and cranefly (24) . In addition, the prometaphase kinetochore fibers frequently showed an unique, lateral oscillation. The dividing grasshopper cell spent as long as several hours in first meiotic prometaphase. Although, with other methods of observations, it has been almost impossible to explain why the cell is delayed in prometaphase, the present data suggests that the pause at prometaphase could reflect the time required for completion of kinetochore fibers. Two possibilities have been proposed by Mazia (27) that may determine the metaphase duration : metaphase represents the time required for the engagement of the chromosomes or for the completion of the motor mechanism. Ultrastructural studies on the distribution of spindle microtubules during mitosis and meiosis revealed the existence of two sets of spindle microtubules (5, 8, 9, 25, 26, 29, 33) : one set runs from the kinetochores to the poles and constitutes the kinetochore fibers, and another set starts at the poles, pass through the metaphase plate, and runs toward the opposite pole (the continuous or interpolar fibers). Some of the continuous tubules run from one pole to the other, while the remainder start at one pole and terminate somewhere between the equator and the opposite pole. This arrangement appears to persist during anaphase in some grasshopper spermatocytes. Moderately birefringent interpolar fibers were oberved in the interzone during anaphase of Trilophidia primary spermatocytes. These fibers start from the poles and extend beyond the anaphase chromosome groups and disappear before the equatorial zone. These fibers have also been detected in the same kind of cells using Nomarski optics (20) .
Under polarized light, kinetochores in prometaphase to anaphase appear as small disks perpendicular to and whose birefringence is positive with respect to the direction of the kinetochore fibers to which they are connected. Nicklas (30, 31) has shown almost identical micrographs of the metaphase and anaphase kinetochores in the primary spermatocyte of Pardalophora apiculata. Electron micrographs of a previous paper of this series (15) have shown that the kinetochores of grasshoppers of the present investigation are disk-like structures composed of three layers through which spindle microtubules pass almost perpendicularly. At least part of the kinetochore BR is probably due to these oriented microtubules.
The separation of the homologous chromosomes or sister chromatids and the start of kinetochore fiber shortening at anaphase onset must be closely related phenomena. Measurements of interkinetochore distances of homologous or sister chromosomes and the lengths of kinetochore fibers have revealed that the start of kinetochore fiber shortening preceded by a few minutes or occurred simultaneously with the initiation of chromosome separation in the first division, while the start of kinetochore fiber shortening fell somewhat behind the initiation of chromosome separation in the second division. The difference between the two divisions could be due to the more complex process in the separation of homologous chromosomes in the first division.
Measurements of kinetochore fiber length in anaphase showed that fibers shortened linearly with time throughout anaphase in most cells studied. The time versus displacement curves did not show any exponential relationship. In the remaining cases, the fiber shortening was also linear until mid-anaphase. The kinetochore fibers, as seen by polarized light, were continuous all the way from the kinetochores to the poles in 
